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A Ligase-Mediated Gene Detection Technique 



Ulf Lakdeg ren, Robert Kaiser, Jane Sanders, Leroy Hood 

An assay for the presence of given DNA sequences has been developed, based on the 
^ilitv of two oUgonudeotides to anneal immediately adjacent to each other on a 
complementary t^get DNA molecule. The two oligonucleotides arc then jomed 
SenSy by^e action of a DNA Ugase, provided that the nucleotides at the ,unc^on 
»re correctly base-paired. Thus single nucleotide substitutions can be distmgmshed. 
This strategy permits die rapid and standardized identification of smglc-copy gene 
sequences in genomic DNA. 

NA ANALYSIS IS ATTAINING IN- 

I creasing importance for the diag- 

nosis of disease caused by singlc- 

. gene defects as well as for the detection of 
infectious organisms (]). Moreover, a num- 
ber of genes, predominandy those encoded 
in the major histocompatibility complex, 
hxvc been found to be associated with an 
creased susceptibility to a variety of dis- 
: states (2). Of a total of approximately 
)0 defined human genetic loci (3), ap- 
'ximately 100 have currcndy been studied 
^thc DNA level for their role in genedc 
'" isc (4). A number of genedc diseases are 
cd by alleles present in the population at 
I'tivcly high frequencies, perhaps because 
•elective advantages to the heterozygous 
^crs (5) . The ongoing characterization of 
" ^-causing or disease-associated gene 
"CCS makes large-scale screening for 
7 status and genetic counseling a possi- 
. It may also sharpen the diagnostic 
^jcy for diseases such as autoimmune 
dons where the suscepdbility may be 
^ccd by defined alleles. Such prospects 
'Trendy limited by the cumbersome 
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nature of the available DNA detecdon meth- 
ods. 

A majority of polymorphisms in the hu- 
man genome are caused by point mutations 
that involve one or a few nucleotides. Cur- 
rent DNA analysis procedures capable of 
detecting the substitution of a single nucleo- 
tide arc based on differential denaturation of 
mismatched probes as in allcle-spccific oli- 
gonucleotide hybridization {6) or denatur- 
ing gradient gel electrophoresis (7). Alterna- 
tively, the sequence of interest can be inves- 
tigated for polymorphisms that affect the 
recognition by a restriction enzyme (8) or 
that will allow ribonudease A (RNase A) to 
cleave at mismatched nucleotides of an RNA 
probe hybridized to a target DNA molecule 
{9). Although denaturing gradient gel or 
RNase A can survey long stretches of DNA 
for mismatched nucleotides, they are esti- 
mated to detect only about half of all muta- 
tions that involve single nucleotides {7, 9). 
Similarly, less dian half of all point muta- 
tions give rise to gain or loss of a restriction 
enzyme cleavage site (10), The only existing 
technique capable of identifying any single 



nucleotide difference, short of DNA se- 
quence analysis, is allcle-spccific oligonucle- 
otide hybridization. This technique involves 
immobilizing separated {6) or enz\'matically 
amplified {11) fragments of target DNA, 
hybridizing with oligonucleotide probes, 
and washing under carefully controlled con- 
ditions to discriminate single nucleotide 
mismatches. 

We have devised a strateg}^ that permits 
the facile distinction of known sequence 
variants differing by as littic as a single 
nucleotide. The approach combines the abil- 
ity of oligonucleotides to hybridize to the 
sequence of interest and the potential of a 
DNA-spccific enzyme, T4 DNA ligasc, to 
distinguish mismatched nucleotides in a 
DNA double hclLx (Fig. 1). Two oligonu- 
cleotide probes arc permitted to hybridize to 
the denatured target DNA such that the 3' 
end of one oligonucleotide is immediately 
adjacent to die 5' end of the other. The 
ligase can dien join the two juxtaposed 
oligonucleotides by the formation of a phos- 
phodicstcr bond, provided that the nucleo- 
tides at the junction are correcdy base-paired 
with the target strand. The ligation event 
thus positively identifies sequences comple- 
mentary to the two oligonucleotides. A het- 
erozygous sample is therefore scored as posi- 
tive for bodi alleles- The joining of the 
oligonucleotides may be conveniendy dem- 
onstrated, for instance, by labeling one of 
the oligonucleotides with biotin and the 
other one widi ^^P. After die ligation reac- 
tion, xhc biotinylated oligonucleotides are 
allowed to bind to streptavidin immobilized 
on a solid support. Radioactive oligonucleo- 
tides that have become ligated to biotinylat- 
ed oligonucleotides remain on the support 
after washing and are detected by autoradi- 
ography. 

The gene encoding human P giobm was 
selected as a model system to test the tech- 
nique. There are two relatively firequcnt 
alleles, and p^, each differing firom die 
normal allele, p^, by a single nucleotide 
substitution in positions 2 and 1, respective- 
ly, of codon six (Figs. 2 and 3) (12). Sub- 
jects homozygous for die p^ allele suffci 
fVom sickle ccU ancnua. Moreover an m- 
creascd risk of sudden death during exertior 
has been observed among individuals het- 
erozygous for P^ {13). 

The ligase-mcdiated g;ene detcaion pro- 
cedure was used to distinguish P^ and P' 
genes in equivalent amounts of DNA pre 
sent in cells, in cloned DNA, and in genomi< 
DNA (Fig. 2). One of two synthetic oligo 
nucleotides (B131 or B132), specific fo 
each of the alleles, was used in conjuncuoi 
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with another oligonucicotidc (P133) hy- 
j bridizing immcdiatcJy 3' to cither of the 
, other two oligonucleotides on the target 
DNA strand. All of the synthetic oligomers 
used in this study arc 20 nucleotides long 
The ability of T4 DNA ligasc to join the 
variable, 3' nucleotide of the aliclc-spccific 
oligonucleotides to die 5' terminus of the 
invariant oligonucleotide was assessed by 
capturing any ligated product on streptavi- 
din-agarose beads. The beads were filtered 
and washed to remove' unbound oligonucle- 
otides, and then die filter widi trapped 
beads was exposed to x-ray film. The 10^ 
nucleated cells used for one assay were ob- 
tained from -0.5 ml of blood. The ceUs 
were used in die assay without DNA purifi- 
cation, by first making the DNA accessible 
for the ligasc-mediatcd analysis by sequen- 
tial additions of a nonionic detergent (Tri- 
ton X-100) and a protease (trypsin). The 
DNA was denatured with alkali and dien 
soybean trypsin inhibitor was added to pre- 
vent proteolysis of the added ligasc. 

The described ligation reactions were per- 
formed at 37°C, --25 K below the melting 
temperature of die hybridized oligonucleo- 
Gdes, pcnfiitting die use of standardized 
assay conditions independent of die particu- 
lar sequence investigated. The observed 
specificity is a consequence of die require- 
ment for die simultaneous hybridization of 
both oligonucleotides in a precisely juxta- 
posed position. Although bodi oligonuclco- 
odes are likely ro hybridize to numerous 
sequences in die DNA sample, diey are 
unlikely to do so in die appropriate head-to- 
tail fashion except where the proper target 
sequence is present. In addition, we have 
found that die ligation reaction requires diar 
the two terminal nucleotides on cither side 
of die junction of die two oligonucleotides 
be engaged in correa base-pairing. This 
requirement flirdier suppresses incorrect li- 
gation events. 

To determine whether any type of single 
nucleotide mismatch could be distinguished 
from correct base-pairing widi die present 
method, we used four synthetic target mole- 
cules representing a segment of die p-globin 
gene, each widi a different nucleotide in die 
first position of die sixdi codon. Two of die 
sequences are derived from the and (3^ 
alleles of die g-globin gene. The odicr two 
sequences represent die other possible nu- 
cleotides occupying die variant position. 
Four pairs of oligonucleotides were de- 
signed to specifically identify one of die 
target molecules. Four oligonucicotide 
probes, each widi a different nucleotide in 
die 3' tcnminal position and complemcntar)' 
to one of die target molecules, were sepa- 
rately assayed for dicir abilit)' to be ligated 
to an im-ariant oligonucicotide diat hybrid- 
1078 




T%li ^fc^nTS LT^:^°^^XtSr '^^l,°«g°n"c,couc,c probes, 
phgonudcotidcs annealed head to tail ifX « co^v h^,.^ T""' J^' ^^""^ °f 
labeled oligonucleotides (*) are immobS^dXS.H k ^ ^''^ K-'-dioactivdy 
biotinylaced oUgonucleot^L^ (B) that S^lj^, 'oX^.^^Zl^^l^^'^' ^ '^^"^ ^ 



B131 
B132 



(6^) 



uGluLysSerALaValThr 
pGGAGAAGTCTGCCGTTACTC 

1 






3* P133 



Plasmid Genomic 
DNA DNA 



MecValHisLeuThrProGl 

B ATGGTGCACCTGACTCCTGA 
B ^ 

Va 

Fig. 2. (a) Nudcotide sequence and correspond- u 
ing translated sequence of die oUgonuclcotidcs ^ 
used in die analysis described in (b). (b) Analysis 
tor die presence of the globin pA or aUclc in 
samples contaming equal numbers of copies of 6- R 1 Q 1 * 
globin alleles present in nucleated cells, in cloned 
UNA, and in genomic DNA. Two x 10* linear- I* 

izcd plasmid molecules containing die 3^ or flS B132 ' < 
allele of die human globin genes were added to 
mdjvidual microdtcr wcUs containing 10 iie of Cells 
salmon sperm DNA in 4 mJ of water (19) The 

microotcr plates were centrihiged and the super- 

pH was neutralized and 1 ^1 of s^Xal, ^0/° i^uZL /^^^^^^^ 

received 140 fh,olofb.otu,yUtedo"£ud3«Bl^:rBfeA„^^^^^ T ^'f^"- ^.^^ 
genes, respectively, and lA fool of olisonud<^til PU3 I' S^^^^ 

triphosphate (ATP) and polynucleotide ldn«r , c V ' • "^-'^be'^d with -/-"PJadenosine 
purified over a Nensorb <^.i^ (SL Po^B^ot^no^ ^ ^ ^'"^"^ 'P'^^S «d 

CoUaborativc Research) wasTded^^ 2 ^ of ^xl^^rT 1''"'™^- Weiss^mit, 
m/W tns-HCl (pH 7.5), 10 nJS MeCi, ISO ^^nr^V° 'c^^^ ^^''^^ >^ containing 50 

microliter. The reagents were miked by bricflj c«.7r fi.;,.,^ ,K ^ ^""^ P<=r 
37-C and 100% huSiidin- for 5 hours. Ve Lv^d oU^nlcL^^^^ P'"" incubating at 

(.1 of 1. NaOH and incubated for 10 min^a ST^r^T^^^^^^ '^"'f'^"'^ °^ ^ 

of 10% SDS were added. Three microUt^ of , lf%^A,w ^ °f HCl and 2 pul 

beads (Bethesda Research Uborator e ) was^icn^^^ of streptavidin -coated agarose 

platform at room temperature for 5 mL Thf^ntenr, n^.h C'"' '"cub:,Kd on a shaking 
manifold (Schleicher a^d Schuell) with^rWhat.^ fif" "'''^ ''»^'^'^"'<i ^ » dot blol 

binding of the labeled oligonucleotides ^ca'^Z^lL^T "ttJ" Z'^" '° '"^""'^ nonspecific 
(v/v) do. nonfat milk, ll SDS, aiid sli^on pc^A aX^l^t "^h t h"'^,,^"'^'' '"^''^ 
under suction in the manifold with 3 mJ of 1% SDS 1 n^l n i^^^ *»=''«=d 
dispenser (Vaccu-pettc/96, Culture Tck) -ncmtJ^l^ ^^'^^^^^ 
graphed for 3 days'at -70-C with oJreiihlil^cing scTeen rorpl^)' " "^'^ 
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fediatcly 3' to the first oligonudco- 
"csc reagents permit studying the 
li ligation by any of the 16 possible 
ijS, the 4 correct Watson-Crick pairs 
.' mismatched pairs, in an invariant 
cc context. Under the appropriate 
aons, only nucleotides engaged in cor- 
basc-pairing were efficiendy joined by 
ion (Fig- 2)- Parameters that affeaed 
Nucleotide specificity were the salt con- 
g^trarion and the amount of cn2ymc added 
•^aiivc to the DNA concentration. Higher 
£Tt*conccntration and lesser amounts of en- 
' zwnc than those found to be optimal for 
, '^jgcrimination resulted in loss of signal. The 
* Save experiment cannot exclude the possibil- 
ity that die identification of mismatched nu- 
i dcoodcs may be influenced by the surround- 
ing sequence, although we have not yet en- 
■ countered any evidence for such effects, 
i*" Although autoradiographic techniques 
arc relatively simple to implement, a gene 
detection assay based on the use of fluores- 
cent rather than radioactive probes would 
have the advantages of safe handling, more 
stable -reagents, and rapid access to the re- 
sults, and would allow for multicolor analy- 
sis by using fluorophores with different 
emission spectra. In general, conventional 
organic fluorophores are less sensitive labels 
than ^^P- Thus we increased the amount of 
target DNA before the detection assay with 
the polymerase chain reaction (74). With 

a 



this procedure a segment of DNA can be 
exponentially amplified by repeated cycles of 
cn2ymatic synthesis of new strands from 
two oligonucleotide primers, one with a 
sequence derived upstream and the other in 
the opposite orientation downstream of the 
segment of interest. Genomic DNA was 
obtained fi-om three human cell lines, 
MOLT-4, which is homozygous for the P"^- 
globin allele; SC-1, homozygous for the 
allele; and GM2064, in which the p-globin 
locus has been deleted (15), The appropriate 
segment of the p-globin gene was amplified 
in 25 cycles from 1 ptg of genomic DNA 
from each cell line. We used 3-jxl aliquots, 
equivalent to 24 ng of genomic DNA for 
the assay. Two oligonucleotides, specific for 
the p"^ and p^ alleles and differentially 5'- 
labeled with one of two fluorophores, were 
present at equal concentrations. The amount 
of each of these oligonucleotides that be- 
came ligatcd to a third oligonucleotide hy- 
bridizing downstream of the other two was 
determined by separating the reaction prod- 
ucts on an 8% polyacr}''lamide gel and ana- 
lyzing the band migrating as a 40-nuclcotidc 
oligomer (the size of two ligated oligonucle- 
otides) for the relative contribution by the 
two different fluorophores [model 370A 
DNA sequencer. Applied Biosystems, Fos- 
ter Cit)', California (16)]. No signal was 
observed when the P-globin gene had been 
deleted in the cell from which the DNA was 



obtained, whereas only the correct fiuoro- 
phorc-labcled oligonucleotide was ligated 
when the cells harbored the P"^ or P^ alleles 



1200 r 




0 I 1 1 1 

20 30 40 

Length in nucleotides 

Fig. 4. Demonstration of the presence of the 
and alleles of the p-globin gene in amplified 
gcnoniic DNA by probes labeled with fluorescent 
dyes. A 120-bp segment of the p-globin gene was 
amplified with the polymerase chain reaction as 
described (16) in 2S o'clcs starting with 1 M-g of 
genomic DNA from the cell lines MOLT-4, SC- 
1, and GM2064 (P^^, and 3**^, respective- 
ly) in 100 M-l. Three microliters of each amplified 
sample was added to an Eppendorf tube, dena- 
tured by alkali, neutralized, and incubated with 
14 fmoi each of oligonucleotide 131 labeled with 
carbox)'- fluorescein (Molecular Probes) (CF131) 

( ^) and oiigonuclcoudc 132 labeled with 

carbox\'-2 ' ,7' - dimcthox7 - 4 \6 ' - dichlorofluorescein 

(CD 13 2) ( ), and 14 fmol of nonradioacti- 

vety 5' phosphoryiated oligonucleotide PI 33 (for 
sequences, sec Fig. 2). The reaction conditions 
were essentially as described in Fig. 2, but 0.5 
Weiss unit of T4 DNA ligasc was added to each 
assay. At the end of the 3-hour incubation, the 
samples were cthanol precipitated, taken up in 
50% formamidc, and loaded on a sequencing gel 
in an ABI 370A automated DNA sequencer. The 
fluorescence signal was processed to distinguish 
the partially overlapping emission spectra of the 
two fluorophores and to determine the relative 
contribution of each fluorophorc to the signaJ. 



B128 (B^) 5* B CATGGTGCACCTGACTCCTG pAGGAGAAGTCTGCCGTTACT 3' P129 

BI3A (B^) 5' B A 

B136 5* B T 

B137 5' B C 



172 
138 
139 

140 



(8^) 



3' 
3' 
3' 

3' 



GTACCACGTGGACTGAGGACTCCTCTTCAGACGGCAATGA 5 ' 
T 5' 



Fig. 3. (a) Nucleotide sequence of the oligonucle- 
otides used in the analysis described in (b). (b) 
Correct identification of four target molecules, 
differing by singlc-nucleotidc substitutions in one 

position. Letters refer to the variable nucleotides a***'*^' "^^ 50 r 

in the probe and target sequences. As target 
molecules, 40- nucleotide oligomers, derived from 
the |3-globin gene sequence, were synthesized. 

ThcoUgonucleotides 172, 138, 139, and 140arc ^ 7 3- 

of identical sequence except in a central position 1 *^ ^ 

where each target molecule includes a different 
nucleotide. Four 20-nuclcotidc biotinvlated 
oUgomers, B128, B134, B136, and B137, differ- 
ing only in their 3' nucleotide position, were 
designed to hvbridizc to the 3' half of the target 
molecules such that the variant position of the 
probe reagents corresponds to that of the target molecules. Each of the biotinylated oligonuclcoddcs 
was used in conjunction with oligonucleotide P129, 5' end-labeled with ^^P and hybridizing 
immediately 3' to the biotinvlated probes on the target strands. The assays were performed essentially as 
described in the legend to Fig. 2, but 2x10** copies of one of the target molecules were added to each 
well with 10 pig of salmon sperm DNA. Each well further received one of the biotinylated 
oligonucleotides togetiicr with oligonucleotide P129. The final NaCl and ligasc concentrations were 
varied as indicated. 
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(F:g. 4). This strategy couJd be generalized 
to the simultaneous analysis of several loci 
For each set of two labeled, allelc-spccific 
ohgonucicotidcs and one unlabeled, the lat- 
ter IS given a nonhybridizing 3' sequence 
OTension of a unique length. This results in 
different migration rates for the ligation 
products, characteristic of each locus 

In contrast to gene detection techniques 
based on immobilizing the target DNA 
such as DNA blots, the hybridization re- 
ported here was performed in solution and 
in a small volume, which reduced die time 
required for hybridization (77). It also obvi- 

nvf^'*'^ ''^P °^ immobUizing die target 
DNA. Bodi ligation and binding of die 
bioonylatcd oligonucleotides are efficient 
and rapid steps that should permit quanrita- 
o ve dctccnon of target molecules. In gener- 
al, diere arc diree rate-limiting steps in gene 
detection techniques. The first is sample 
preparanon, which can be grcady simplified 
as demonstrated here. The second is die 
time required for die probes to anneal to die 
target sequence. This is a ftmcnon of die 
concentration of die probe and can be re- 
auccd considerably. The diird and most 
ome-cpnsuming step in die present tech- 
nique IS signal detection by autoradiogra- 
phy. A sufficiendy sensitive fluorescent de- 
tecnon mcdiod (18) should drastically re- 
duce diis ame, permitting die development 
of a rapid, automated gene detection procc- 



18. E. Soini »nd H. Kojoli, Clin. Chm. 29, 65 (1983) 

HO-solubilized cells « described [D. BowT 
j4™^ 8,«Am, 162, 463 (1987)] «,d',«usS 
by boUing before adding 7 ofv^i^Vcr 
«say weU. The pl«mid »nd genomic DNA sa^p^ 
were denatured by adding 1 ll ofO.SM NaoJ^SS 
mcubaang for 10 min at 37-C before restoring ^e 
;,H w.th 1 W of O.SM HQ. AJtemadvelv, sam^fes of 

T^^f^'°°^ ""^ dirccdy'asTS^" 
of DNA for the analysis. Cells (10«), obtained^; 
FicoU-Hypaque (Phamiada) flo^tion w^td,^ 
m 50 j.1 of phosphate-buffered saline ro each wdl 
20. The oii^nucleotides were assembled bv dSe 

pho«m.d.te med,od [S. J. Horvad,, J. R. FirT? 
HunJtapdIer, M. W. HunkapiUer, L. Hood. 
B.-y«<.^ 154, 314 (1987)f on « App^ 

Xrl!""'.^^'''^ ^""^ synd.esizer'^^d puS'^ 
PoWlam.de gel electrophoresii^or re- 
CHPLO r "^Sh-prrssure liquid chromatographv 

b,onn W-hydrojcysucammide ester (Enz^tin, En5» 
a 5 ammothymidine residue incorpo^ted in 
the obgonudeoude [L. M. Smid,, S. fG^b T T 
Hunkapdler, M. W. Hunlcapiller. L. Hood,^NM;,i, 



^eUt Ra. 13, 2399 (1985)1 tk 
purified by reversed-phase HPLC '*°*«| 

21. The size of die area on which the t^'A 
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ple^glass disk With coaX'^Jg,'^'™"^ 

S mm on the upper surface =r.H t """"den's 
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In situ hybridization was used to assess mr,i 1 j 

messenger lUSlA and die subset of S P™'"^ ^'^'=^'^' (APP) 

inhibitor (KPI) insert in 11 Alzheil^I^Vi*^" If"^^ ^^^^"^^ 
significant twofold increase was observedt^t j^^p""'ir,^°"^°' ""f"^'- ^' = 
locus ceruicus neurons but not in hionocL^,? ■ ''""'^s 

ponds, or occipital cortical n^ions ^e^^ "^"T T"""*' basis 
and nucleus bisalis neurons wTL ^cwTto ^ ^ ''^^ 

the KPI domain. These findings suiSt Sf.V • """^^^ « APP mRNA lacking 

KPI domain in nucleus basaS?2S t rLeiLT ^^^^^ °<^APP lacking thf 
in die deposition of cerebral aiSfo dX ^^^S^ Cf'^J"^ "^^^'^y - important^ole 
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ALZHEIMER'S DISEASE (AD) IS 
characterized patiiologicaily by large 
numbers of senile plaques and neu- 
rofibrillar^' tangles diroughout die cerebral 
cortex and hippocampus. Senile plaques 
consist of dusters of degenerating ncurites 
surrounding an amyloid core composed of 
5- to 10-nm fibrils diat stain metachromati- 
caliy widi Congo red. In many cases of AD 
amyloid fibrils are also found in vessel walls' 
{1).A 4.2-kD polypeptide, referred to as A4 
or die 3 protein, has been isolated from die 
amj'loid fibrils found in senile plaques (2) 
and vessel walls (J) of patients widi AD 
There is o'ldence diat A4 may also be a 
component of 'die paired helical filaments 
tound in neurofibrillary tangles (4). , 

The gene encoding A4, which is located 
on chromosome 2] (5), produces at least 
three mRNAs (Fig. 1) referred to as APP«3 
APP„., and APP„o (^S). APP,,^, die' 
mKNA diat was initially identified (5), en- 



codes an amyloid protein precureor (APP) 
695 ammo acids in lengdi, diat includes A4 
at posinons 597 to 638. APP„, is identical 
to APP6,s, except for a 168-nudeotide in- 

''''Lt^^I' '^'^" Pi-^'iously referred to 

as HL1241 (7), would introduce 56 amino 

^fy^^^^'' '^"^^ ^° Aig^** con- 
vert Val into an isoleucine. APP„o is 
idcnncal to APP75,, except for a 57.nudeo- 
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